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m Abstract Hundreds of acetyltransferases exist. All use acommon acetyl donor—
acetyl coenzyme A—and each exhibits remarkable specificity for acetyl acceptors,
which include small molecules and proteins. Analysis of the primary sequences of
these enzymes indicates that they can be sorted into several superfamilies. This review
covers the three-dimensional structures of members of one of these superfamilies,
now referred to in the literature as the GCN5-related N-acetyltransferases (GNAT),
reflecting the importance of one functional category, the histone acetyltransferases.
Despite the diversity of substrate specificities, members of the GNAT superfamily
demonstrate remarkable similarity in protein topology and mode of acetyl coenzyme
A binding, likely reflecting a conserved catalytic mechanism.
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INTRODUCTION

The transfer of an acetyl group from one molecule to another is a fundamental
biochemical process. Several unrelated classes of enzymes catalyze such a reac-
tion, and the focus of this review is the recent burst of three-dimensional structural
information about one of these classes, the GCN5-related N-acetyltransferases
(GNAT), which catalyze the transfer of the acetyl group from acetyl coenzyme A
(AcCoA, the “donor”) to a primary amine (the “acceptor”). Over the course of

a twelve-month period spanning 1998-1999, eleven experimentally determined
three-dimensional structures of GNAT superfamily members have been reported,
elucidated both by single-crystal X-ray diffraction and by NMR spectroscopy
(2,7,11,12, 20, 34,39, 43,45). From the perspective of structural biology, the
GNAT superfamily is a case study in how a common acetyltransferase domain
evolved to serve a wide variety of functions. What makes this superfamily espe-
cially interesting is the large assortment of acceptor substrates carrying a primary
amine that are capable of being acetylated, and which the different GNAT members
have to interact with and recognize.

Even a cursory inspection of three-dimensional protein structures in the Pro-
tein Data Bank (http://www.rcsb.org/pdbl) reveals a large number of different
ways in which AcCoA and CoA can be bound to protein molecules. In addition
to the diverse binding modes, the protein subunits that are responsible for AcCoA
binding also display high diversity in their folds (8). The GNAT superfamily
adds yet other variations, both to AcCoA conformation and binding modes and
to the variety of known protein folds. The polypeptide of the N-acetyltransferase
domain that is responsible for AcCoA binding has a unique fold, as noted in the
reports of the two first structures that were solved from the superfamily (7, 43).
All the subsequent structure determinations have demonstrated nearly the same
protein topology and AcCoA binding mode. There is no detectable similarity
in either primary sequence or three-dimensional structure between enzymes in
the GNAT superfamily and other AcCoA-dependent acetyltransferases such as
chloramphenicol acetyltransferase (19) and dihydrolipoyl transacetylase (23). [To
avoid confusion, itis important to keep this in mind, particularly since in the three-
dimensional database SCOP (29), the family of CoA-dependent acetyltransferases
contains only these two enzymes.]

Several years before three-dimensional structural information became available,
two conserved sequence motifs (motifs A and B) were noticed between the yeast
MAKS3 protein and N-acetyltransferases (38); they were later identified in other
N-acetyltransferases, including the arylalkylamine N-acetyltransferase (AANAT)
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family (3,22). More recently, Neuwald & Landsman extended and generalized
this observation to a large class 140 related proteins, which they designated
the GNAT superfamily (30). They also identified two additional motifs (motifs C
and D) present in many GNAT members. The structures reviewed here represent
three functional families within the GNAT superfamily and act on three general
groups of substrates: histones, aminoglycosides, and arylalkylamines. Aspects of
some of these structures have recently been reviewed elsewhere (28, 35).

Among the members of the GNAT superfamily, perhaps the mostintense current
interest swirls around a group of N-acetyltransferases involved in the acetylation
of histones at specific lysine residues, a process that is required for transcriptional
activation and that has been implicated in chromatin assembly and DNA replication
(10, 27). Of the large number of histone N-acetyltransferase (HAT) enzymes, many
turn out to be previously identified transcriptional activator proteins and most likely
act in the context of large multiprotein assemblies. Probably the best studied
group of HAT proteins are the members of the GCN5 family (indeed, the name
of the superfamily derives from these prominent members), on which a wealth of
biochemical and functional information is available.

Another important N-acetyltransferase activity is that contributing to the emer-
gence of antibiotic resistance among pathogenic bacteria. N-acetylation of a par-
ticular amino group is one of the chemical modifications of aminoglycoside an-
tibiotics that can result in decreased affinity of the drug for its target—a process
therefore advantageous for the bacteria. These modifications are carried out by a
class of bacterial aminoglycoside N-acetyltransferases (AAC) that can be divided
into further subclasses depending on the regiospecificity of acetyl transfer.

Much recent attention has also focused on the arylalkylamine N-acetyltransfer-
ase (serotonin N-acetyltransferase, AANAT) family. Members of this family have
been found only in vertebrates. AANAT catalyzes the penultimate step in the
synthesis of the circadian neurohormone melatonin from serotonin (16). The cir-
culating levels of melatonin are correlated with the light-dark cycle, with high
levels of melatonin occurring only at night. Melatonin plays an important role
in the proper coordination of the sleep-wake cycle as well as in the adaptation
to seasonal changes. There is special interest in AANAT because it exhibits a
large light-dark rhythm in activity that controls the rhythm in circulating levels of
melatonin. In addition, changes in active protein levels can be very rapid: Light
exposure at night causes a decrease in AANAT activity with a half-life of only 3
min (17). AANAT activity has been found to be closely correlated with the amount
of AANAT protein. This is regulated by control of proteasomal proteolysis and
also by controlling synthesis through regulation of AANAT mRNA levels (9, 16).

Other members of the GNAT superfamily play a variety of anabolic and catabolic
roles. For instance, an N-acetyltransferase has been identified that is essential
in the synthesis of UDP-N-acetylglucosamine, an essential metabolite in both
prokaryotes and eukaryotes (26). An example of catabolic involvement is sper-
midine/spermine N-acetyltransferase (22). Upon acetylation of theobition of
spermidine or spermine, the acetylated polyamines are excreted from the cell or
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subsequently metabolized by the FAD-requiring polyamine oxidase. Thisis by no
means an exhaustive list of all the characterized N-acetyltransferases, and there are
also several functionally uncharacterized proteins that are clearly members of the
GNAT superfamily (3, 30). Itis likely that as more sequence information becomes
available, the already substantial functional diversity will expand even further.

Summary of Structures Determined to Date

As of mid-1999, there have been eleven reported three-dimensional structures of
GNAT superfamily members. Protein particulars, constructs used for structure de-
termination, structural resolution, and Protein Data Bank (PDB, http://www.rcsb.
org/pdb/) ID codes are listed in Table 1.

Histone N-Acetyltransferases Of the known structures, seven correspond to
histone N-acetyltransferases, or HATs. The structure of Hatl 8accharomyces
cerevisiadyHatl) was determined complexed with AcCoA (7). The constructused

to obtain well-diffracting crystals, despite missing 54 carboxy-terminal residues,
is fully active in vitro. PCAF (p300/CBP-associating factor) is a transcriptional
activator that can acetylate nucleosomal histone substrates, as well as other tran-
scriptional activators such as p53 (21). Full-length human PCAF is an 832-residue
molecule containing an N-terminal domain that interacts with transcriptional ac-
tivators, a C-terminal bromodomain that can interact with acetylated lysine (for a
recent NMR structure, see Reference 5), and a central HAT domain. The crystal

TABLE 1 Structurally characterized members of the GNAT superfamily

Residues Resolution
Protein® Source in construct Substrates PDBID A) Reference
AANAT  Ovine 28-201 — 1b6b 25 (11)
28-201 Bisubstrate 1cjw 1.8 (12)
Hatl Yeast 1-320 AcCoA 1BOB 2.3 @)
GCN5 Tetrahymena  47-210 CoA 5GCN b (20)
48-210 — 1QST 1.7 (34)
48-210 AcCoA 1QSR 2.0 (34)
48-210 CoA/peptide 1QSN 2.2 (34)
GCN5 Yeast 99-262 — lygh 1.9 (39)
PCAF Human 493-658 CoA 1cmO 2.3 2
AAC(3) S.marcescens 1-168 CoA 1bo4 2.3 (43)
AAC(6’) E.faecium 1-182 AcCoA 1B87 2.7 (45)

3AANAT, arylalkylamine N-acetyltransferase; PCAF, p300/CBP-associating factor; Hat, histone N-acetyltransferase; AAC,
aminoglycoside N-acetyltransferase.

bStructure determined by NMR.
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structure of this~200-residue HAT domain was solved in complex with CoA
(2). Highly homologous with the PCAF HAT domain are the GCN5 proteins
from various species. The crystal structure of the HAT domain of yeast GCN5
(YyGCND5) was solved in absence of substrates (39), whereas the solution structure
of theTetrahymen&CN5 HAT domain (tGCN5) has been solved with NMR spec-
troscopy as a complex with CoA (20). Essentially the same version of tGCN5 was
also used in a three-part crystallographic study in which the structure was solved
in the uncomplexed form, complexed with AcCoA, and—most importantly—in a
ternary complex with CoA and an 11-residue peptide centered around the reactive
lysine of yeast histone H3 (34).

Aminoglycoside N-AcetyltransferasesThe structures of two aminoglycoside
N-acetyltransferases exhibiting different specificity for acetyl transfer to amino-
glycoside antibiotics have been determined. 3-N-acetyltransferase [AAC(3)] from
Serratia marcescenwas solved complexed with CoA (43). Nine dispensable
residues were truncated from the C terminus to obtain diffraction-quality co-
crystals. Although no in vitro N-acetyltransferase activity could be demonstrated
for this construct, in an in vivo experiment it was deemed sufficient to produce
gentamicin resistance. Of all the known GNAT structures, this is the only one that
forms a distinguishable dimer in the crystal lattice, with monomers related to each
other by a nearly perfect twofold rotation axis. Although the surface area buried
by this dimer is relatively large (88&2), there is no direct experimental evidence

to confirm that the biologically active species is indeed a dimer in solution, and
the physiological significance of the observed dimer is unclear. The crystal struc-
ture of aminoglycoside’éN-acetyltransferase [AAC(H complexed with AcCoA

was solved using the full-length protein (45), the only example within the group
of currently available GNAT structures for which a nontruncated construct was
used. Although analytical gel filtration data indicated that AALC{$§ a dimer

in solution, it was not possible to select the biologically relevant oligomer from
the large number of dimers that were created by the high (cubic) crystallographic
symmetry. Considering the ambiguities regarding quaternary organization, or that
in most cases the biologically relevant unit is a monomer, or that the structures
solved involve only the catalytic domains of multidomain proteins, we do not
further consider here the issue of oligomerization.

Serotonin N-Acetyltransferase Serotonin N-acetyltransferase (AANAT) repre-
sents the third class of GNAT enzymes that have been structurally characterized,
and the structure of ovine AANAT has been solved both in the uncomplexed
form (11) and complexed with a bisubstrate analog (12). The full-length enzyme
contains 207 amino acids but for successful crystallization was truncated at both
termini, resulting in a fully active 28-201 construct. Together with the tGCN5
ternary complex, AANAT provides the most complete source of structural infor-
mation to date, as the bisubstrate analog used in the cocrystallization is a very
close chemical approximation of the intermediate that is present during the acetyl
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transfer. To date, among the GNAT complexes, this AANAT structure is the one
solved at the highest resolution (188, owing to the exceptional crystal quality
resulting from the stabilizing effect of the bisubstrate compound.

A Structurally Related Cousin Two recent structure determinations of N-myris-
toyltransferase, one of the uncomplexed enzyme (42) and the other of a ternary
complex with myristoyl-CoA and a peptide (1), reveal a myristoyl-CoA bind-
ing domain with the same fold and mode of cofactor binding as those of the
GNAT superfamily members. It seems likely that a common ancestral protein
served as the precursor for both groups of enzymes, but further discussion of
N-myristoyltransferase is beyond the scope of this review as it is not specifically
an N-acetyltransferase.

Sequence and Structure-Based Alignment of GNAT Enzymes

With the several different three-dimensional structures representing three distinct
families within the GNAT superfamily, we are now in a position to reexamine the
N-acetyltransferase domain in light of this wealth of structural information. The
aligned three-dimensional structures are shown in Figure 1 and the corresponding
alignment of primary sequences in Figure 2. The four regions highlighted in both
figures in the same colors correspond to the sequence motifs identified first by
Tercero et al (38) and subsequently by Neuwald & Landsman (30). As a result of
this two-step historical evolution, the order in which the conserved motifs follow
each other in the primary sequences is C, D, A, and B. The most impressive
conservation across the superfamily is in motifs A and B, whereas the weakest
is in motif C. These four regions roughly comprise what we refer to as the N-
acetyltransferase domain.

Itis most remarkable to observe that, despite the functional variation across the
superfamily, the protein topology is nearly identical. This is a clear example of the
observation made by Petsko et al (31) that protein families seem to evolve from
ancestral molecules that catalyze the necessary chemistry (in this case, transfer of
an acetyl group from AcCoA), and that further mutations that do not change the
topology will enable the protein to bind alternative substrates. As we shall see,
deviations from the common topology of the GNAT superfamily members are most
likely related to the need to accommodate a wide range of primary amine-carrying
acceptor substrates, which varies from small compounds such as serotonin to large
protein molecules such as histones.

DESCRIPTION OF THE STRUCTURE

Overview of the Structural Fold

From a topogical point of view, the N-acetyltransferase domain folds around a
central, mixedg sheet that is largely built up of antiparallel strands; the only
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exception is a structurally conserved four-residue-long parallel stretch. The most
common number of strands in tifesheet is six, although AAC(phas an extra
C-terminal strand (45), whereas yHatl has an additional strand at the N-terminal
end of the domain (7). The absence of this N-terminal strand in the other proteins
might be a result of the use of N-terminally truncated constructs or disorder in
the crystal lattice that renders the electron density in this segment weaker than the
noise level and therefore invisible. On the other hand, this additional strand is not
present in AAC(6), a full-length construct for which all the residues are resolved
in the crystal structure (45). Given this fact, we start the strand numbering of
the domain according to the first strand of AAQ(&ince this is the first common

B strand in all the GNAT structures. (The numbering is shown in Figure 3, with the
structure of the AANAT/bisubstrate analog complex serving as the representative
structure for the superfamily.)

bisubstrate
analog

Figure3 (a) Stereoview of serotonin N-acetyltransferase (AANAT) bound to a bisubstrate
inhibitor. The common structural elements among the members of the GNAT superfamily
are labeled and correspond to the elements shown in Figure 2. AANAT contains a unique
insertion between strang®3 and 84, and the helix contained within this subdomain is
labeledxA. (b) Stereo view of the tGCNS5 ternary complex with CoA and an 11-residue H3
peptide, in the same orientation. The figure was prepared using MOLSCRIPT (18).
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The N-Terminal Region and Motif C

Thep sheetthat formsthe core of the N-acetyltransferase domain can be considered
as being composed of two parts, one encompassing the first four strands that are
nearly identical in all the structures and the second formed by the last two strands
[or three, for AAC(6)]. Generally, in the loop connecting the first and the second
strands, two helices run antiparallel to each other and nearly perpendicular to the
direction of the first four strands. yHatl is missing the second helix but not the
first (Figure b), whereas AAC(3) has three helices in this region (Figgpe The
absence of2 in yHatl might be due, in part, to the fact that the position bbf

yHat1 is shifted with respect to the other GNAT structures, due to the proximity
of an additional N-terminal domain (residues 1-111, not shown in Figbye 1
that is not present in the other structures (7). ThisA shift in the direction of
wherea2 would be, as inferred from the rest of the structures, could destabilize
its conformation to the extent that the helix is lost. (Note that this shift is also
reflected in Figure Ain the lack of alignment of1 of yHat1 with the analogous
helices in the other GNAT structures.) Unfortunately, as none of the other HATs
was crystallized with regions other than the catalytic domain present, we will have
to wait until such structures are elucidated to see if the absencinfintact HAT
proteins is a general feature of the family. A particularly important positiamlon

is located on its last turn, represented by Phe-56 in AANAT. In all the structures,
this is a large, hydrophobic side chain (Phe twice, Trp once, in two cases Leu
and one lle) that plays an important role in ensuring the characteristically bent
conformation of AcCoA (discussed below).

There are an ample number of primarily (but not exclusively) hydrophobic
interactions between heliced andw2 and the four-stranded sheet below. These
very likely contribute to the rigidity of the first four strands of tiesheet and
probably explain why this sheet is essentially unchanged from one molecule to
another. Similarly, there are several (again, primarily hydrophobic) interactions
between the two helices themselves. These sets of interactions, in conjunction
with the hydrogen-bonding network between the four antiparallel strands, result
in a rigid and compact subdomain in this region of the molecule.

It is obvious from the three-dimensional alignment of the different structures
that there is a much better positional match between the first helidgstt{an
between the second ones, where yHatl can be regarded as sitting at the far end
of the structural spectrum witta2 completely missing. It is not surprising, then,
that sequence motif C includes the first helix. What is perhaps more interesting
is that the HAT family, including the GCN5 enzymes, was initially thought to be
missing this motif altogether (30). As shown inthe sequence alignmentin Figure 2,
this may in part be due to the variable length of the turn (shown in light purple in
Figure 1) between the firgt strand and the first helix.

Where the second helixxR) is present, it is generally shorter thad and
shows more variation in position between the structures. Notably, itis significantly
different in the two AANAT crystal structures (11, 12). In the uncomplexed form,
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Figure 4 Comparison of the uncomplexed) (and bisubstrate analog-bourtg) forms

of serotonin N-acetyltransferase. Note the shorter helideand«2, and the additional

B strand in the uncomplexed form; the region of the conformational change is highlighted
in dark gray. The figure was prepared using MOLSCRIPT (18).

bothal andw? are fairly short, whereas in the complex form of AANAT with the
bisubstrate analog, both helices extend in length (Figure 4). The shorter helices
in the uncomplexed form allow the polypeptide chain to assume a more extended
conformation. Indeed, it reaches far enough out and down into the AcCoA binding
site to form a shorg strand that is not present in the complex form and that occupies
part of the binding site. It is the binding of AcCoA that selects a conformational
state in which the polypeptide has been reordered, creating the binding site for
serotonin (12). This structural result is in good accord with earlier kinetic work
that showed that AANAT binds its substrates in an ordered fashion, with AcCoA
binding increasing the enzyme’s affinity for serotonin substantially, and that a
conformational change may be involved (4). The important observation is that,
at least in the case of AANAT, this part of the molecule is clearly subject to
conformational changes, and this change is a function of whether the AcCoA
binding site is occupied or not.

Motifs D and A

The polypeptide chain aftes2 completes the first four strands of the sheet, running
through sequence motif D that includes most of strgg@lands3, and turns into
strand4 where motif A, the longest and most highly conserved motif, starts.
Note that the regions corresponding to motifs C and D, despite their separation
in the primary sequence, are located next to and interact with each other three-
dimensionally, forming the rigid subdomain that comprises the first half of the
molecule. Stran@4 plays a crucial role in AcCoA binding and contains residues
that are important for catalytic activity. In the region between strgg®landg4,

most of the structures contain a shortturn. As can be seenin Figure 1, there are two
exceptions. In yHatl, there is anl3-residue extension betweg andg4 that
cannot be aligned with the other structures; nine of these amino acids are disordered
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and therefore invisible in the crystal structure (7). In AANAT, there is also an
~13-residue-long extension, but in this case, this region forms a small subdomain
with a very well defined three-dimensional structure (11), folded around Trp-99, a
conserved residue in AANATSs. Mutation of Trp-99 to Ala results in a protein that
is completely insoluble (AB Hickman, unpublished data), presumably because of
gross folding problems. In AANAT, this subdomain contains a short two-turn
helix, not seen in the other structures (labetddin Figure 3). This helix defines

one side of the hydrophobic substrate binding pocket for serotonin and therefore
likely plays a crucial role in determining substrate specificity. With the help of
this short helix, AANAT manages to exclude the hydrophobic indole moiety of
serotonin from solvent and surround it with an essentially entirely hydrophobic
environment. In the other structures, the absence of such a subdomain leaves this
part of the molecule more accessible to solvent, consistent with the larger-sized
or more hydrophilic substrates (relative to serotonin) to be acetylated by the other
GNAT enzymes.

StrandB4 and the structural element directly followingdf3, form the essence
of the AcCoA binding site. Stranfd4 starts with a four-residue stretch that runs
parallel tog5, forming the only paralle$ structure in the GNAT catalytic domain.
Motif A begins just before the parallel stretch®4 and extends to the carboxy end
of «3. The parting of the two parallel strands results in a wedge-like opening in the
center of the protein where AcCoA binds. A characteristic feature of the GNAT
superfamily is g8 bulge, located in the middle ¢4, immediately following the
short parallel strand segment. In a regidastrand, the peptide planes alternate
in orientation from one residue to the next. This alternation projects each sequen-
tial main-chain carbonyl oxygen to opposite sides of the strand. This places the
carbonyl groups in the appropriate location and register to form hydrogen bonds
with similarly alternating main-chain amide groups of adjacent strangsbélge
is an exception from this pattern, whereby two residues occupy the spage in a
sheet normally occupied by one.

The “classic”B bulge (33) observed ifi4 of GNAT enzymes is created by two
residues that directly follow each other in the sequence turning their carbonyls
to the same side of thg strand, in this case toward the cofactor binding site
(showninFigure 5 for AANAT). Correspondingly, the amides of these two adjacent
residues point to the other side of thestrand, placed such that they can form a
bifurcated hydrogen bond with a main-chain carbonyl fr881 Thus, the two
strands remain held together albeit locally distorted. It is likely thaptbalge is
a significant feature breaking the parallel segment betWdemdg5, and hence in
the formation of the AcCoA binding site. Among the GNAT structures determined
to date, there is one exception to this observation: AACK&s a Pro residue
inserted at the analogous positionsith, resulting in a markedly different hydrogen-
bonding pattern (45). Since the amide nitrogen of Pro is not available for hydrogen
bonding, the introduction of a Pro ing results in an irregular hydrogen-bonding
pattern betweef3 andg4, with the two adjacent carbonyls frofd now pointing
towardg3. Since thex-carbontrace of AAC(§is essentially identical to the others
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Figure 5 Stereo view of the8 bulge region of serotonin N-acetyltransferase (AANAT).
Dashed linesepresent hydrogen bonds. The teixlesrepresent the most deeply located
water molecules in the proton wire. The figure was prepared using MOLSCRIPT (18).

in the region of the3 bulge, insertion of a proline residue inga seems to be a
different means of achieving essentially the same structural end.

Immediately downstream of thiebulge are three residues that form main-chain
hydrogen bonds with the AcCoA substrate, starting with the amide of the residue
immediately after the bulged residue. In the cases where the structures include
AcCOoA, this residue is directly hydrogen bonded to the carbonyl of the acetyl
group. Indeed, AcCoA interacts wihd much as if it were the next strand insa
sheet. The acetyl and pantetheine moieties of AcCoA project carbonyl and amide
groups to both sides and are separated by the right distance to hydrogen bond with
an adjaceng strand. (The structure of AcCoA is shown in Figuie)6

In addition to theB bulge, the second characteristic local structural feature of
the GNAT superfamily in this region is the pyrophosphate binding pocket at the
amino end ofx3; this helix is part of 88« motif resembling the Rossman fold
found in many nucleotide-binding proteins (32). HeliXis the longest helix in the
structure, and the helix dipole must contribute significantly to phosphate binding.
Indeed, it is quite impressive that among the different molecules, both substrate
conformation and mode of pyrophosphate binding are essentially identical down to
the most intimate details. (The overlain cofactor structures are shown in Figure 7,
viewed from the same orientation as in Figure 1.) The only significant differences
are seen in the NMR structure of the tGCN5/CoA complex (20), but since this
is not consistent with the X-ray results for tGCN5 and the other members of the
superfamily, we do not analyze this result further in this review.

One unusual feature of the coenzyme A binding mode is the lack of direct
hydrogen bonds by Lys or Arg side chains to the phosphates, even though such
salt bridges are frequently seen in other types of CoA-binding proteins (8). The
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Figure 6 (a) The chemical structure of acetyl coenzyme A. The characteristic sharp bend
observed in the bound forms of AcCoA and CoA in GNAT superfamily members is around
the bond highlighted by the starred carbon aton. The general reaction catalyzed by
GCNb5-related N-acetyltransferases, showing the presumed tetrahedral intermediate that
results from nucleophilic attack of a primary amine on the acyl carbon of the acetyl group.

pyrophosphate group is deeply buried, and with one exception, all the polar inter-
actions between the phosphates and the protein involve main-chain amides. The
amides of all the six residues that form the pyrophosphate binding pocket are hy-
drogen bonded to the phosphate oxygen atoms. Four of these bonds are direct,
two are water mediated, and these water molecules are conserved in all the X-ray
structures. This situation is somewhat reminiscent of that seen for succinyl-CoA
synthetase in which the pyrophosphate is also hydrogen bonded to main-chain
amides at the N-terminus of anhelix (44). In this case, however, the binding

site for CoA is located between two adjacent protein subunits.

Among the GNAT structures, the only side-chain interaction with the pyrophos-
phate group is between thephosphate and the side-chain hydroxyl of a residue
on the first turn o&x3. With the exception of yGCNS5, in the structures determined
to date, this residue is either a Ser or a Thr and forms the same interaction with the
phosphate. In yGCND5, the analogous residue is an Ala, but as this structure was
solved without substrate (39), itis not yet clear how this affects phosphate binding.
It should be noted that this residue is not conserved across the superfamily.
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Figure 7 Stereo view of the superposition of all the observed conformations of bound
coenzyme A-related substrates. The bisubstrate analog bound to AANAT is shown in the
thickest line, and its indole moiety can be seen aughger left the thinnest line represents

the conformation observed in the NMR structure (20). The view is the same as in Figure 1.

Motif B and the Completion of the AcCoA Binding Site

Helix a3, consisting of five turns, leads ingh, and the turn between these two
structural elements is where motif A ends. Str@adstarts by pairing up witis4
to form the short parallel segment of thesheet, and subsequently parts from it
to define the other side of the wedge-like AcCoA binding site. Itis not surprising,
therefore, that strand5 is also where another highly conserved region, motif B,
starts. With the exception of the main-chain carbonyl oxygen of one residue (Met-
159 in AANAT; see Figure 5), there are no hydrogen-bond contacts at all between
B5 and the substrates. However, this particular carbonyl is likely to play an
important role in enzymatic action, as it is hydrogen bonded to the substrate amine
in the AANAT/bisubstrate analog complex (12). The carbonyl of the analogous
residue in tGCN5, Tyr-160, is in the appropriate position to do the same in the
ternary complex of tGCN5 (34). Despite the lack of direct hydrogen bgitsiand
the helix that follows ite4, do make several interactions with the AcCoA substrate.
In particular, there are several large hydrophobic residues located onHAdtiat
contact either the substrate or side chains figdn defining and stabilizing this
bottom part of the donor substrate binding site. Another residud that appears
to play arole in AcCoA binding is a highly conserved basic residue, corresponding
to Arg-170 in AANAT (note this position is shifted downstream by one in yHat1).
In some structures, this residue forms a salt bridge to'tpb@phate of AcCCoA,
whereas in other structures, it is in a position to potentially do so.

Another important position oa4 is that corresponding to Tyr-168 in AANAT.
In all the aligned structures (allowing for a one-residue upstream shift in yHat1),
this is a large hydrophobic residue, either Tyr or Phe. It contacts AcCoA from the
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direction of the protein interior and is likely to play an important role in the proper
positioning of the acetyl group for the transfer reaction to occur (discussed below).
In some cases, it may also have arole in the resolution of the reaction intermediate.
Its importance was demonstrated in AANAT, where the Tyr-to-Phe mutation was
shown to have a substantial negative effect on catalytic efficiency (12). Indeed, of
all the point mutations that were made in the vicinity of the AANAT active site,
the effect of this mutation was the most detrimental.

The one structure that deviates from the description above regasdirig
AAC(3). Starting at the end &5, its secondary structure is significantly different
from that of the other superfamily members (43). In particular, AAC(3) is com-
pletely missingr4. Insteadg5 is immediately followed by a short antiparalfel
strand (Figure fi).

With the downstream end of4, motif B ends as well, and from this point to
the C-termini, the structures show more divergence than in the parts examined so
far. This is probably due in part to the fact that the C-terminal region contains
a loop of varying length and position. For example, in AAG,(éhere is a long
insertion betweel5 andw4, whereas in the GCN5 enzymes, the loop follows
and contains 20 residues. In both the ternary complex form of tGCN5 (34) and
in the AANAT/bisubstrate analog complex (12), this loop contacts the acceptor
substrate. Consistent with the notion that this loop is a structural component of
the binding site for acceptor substrates, in yGCNBb, this region is where some of
the most debilitating mutations were located (40). Thus, the structural diversity
seen in this region may be a reflection of the variety of acceptor substrates that the
different GNAT members have evolved to acetylate. A notable variation is yHatl
(7): aftera4, the polypeptide does not return to the substrate binding surface but
instead forms a helical bundle not seen in the other structures (Figur&iven
the lack of specific mutational data, the significance of this difference is not known.
Finally, in the structures other than yHat1, the GNAT domain ends with glast
strand,86, that runs antiparallel t85.

SUBSTRATE BINDING

The Conformation of Bound AcCoA/CoA

As described earlier, AcCoA and CoA bind in the opening formed between the
diverging strandg$4 andg5, contacting protein atoms mainly frof4 andw4,
predominantly through main-chain interactions. Coenzyme A is bound in a char-
acteristically sharply bent conformation (Figures 1, 7). This bend introduces an
acute 65—70angle between the two amide planes of the pantetheine group, and it
seems to be the result of two specific hydrogen bonds to main-chain groups located
on B4 and of the steric influence of a large hydrophobic residue projecting from
al (Phe-56 in AANAT). In the GNAT structures determined with co-crystallized
AcCoA (or the bisubstrate analog for AANAT), in most cases the carbonyl of
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the acetyl group is hydrogen bonded to the main-chain amine of a residue just
downstream of theg bulge ong4 (Leu-124 in AANAT). The one exception is
AAC(6'), but in this case the crystallographic temperature factors at this end of
AcCoA are significantly larger than those of the surrounding protein atoms (50—60
versus<b), so it is likely that the positional accuracy of the acetyl group is low
(45). Apart from this variation, the conformation of AcCoA, up to and including
the pyrophosphate group, is essentially identical in all the structures. In the CoA
complexes, there is some variation in the position of the sulphur atom, but this is
most likely due to the lack of the specific hydrogen bond stabilizing the position
of the (missing) acetyl group.

In contrast, there is significant variation in the position and conformation of the
ribose possessing théghosphate and the base. This correlates with the relatively
few number of interactions in which this part of CoA engages with the protein.
In some cases, the quality of the electron density is probably not sufficient for
accurate determinations; nevertheless, in all the X-ray structures, the glycosidic
bond is in the anti conformation, and the sugar pucker is the corresponding C2
endo configuration.

Acceptor Substrate Binding

To date, only two structure determinations have been carried out that include the
acceptor substrate. The first is the bisubstrate analog complex form of AANAT
(12). In this case, a chemically stable compound was synthesized by covalently
linking an N-acetylated substrate, tryptamine, to CoA (14). This bisubstrate ana-
log, a close approximation of the presumed reaction intermediate (Figures6

a potent inhibitor of AANAT (IGo ~ 150 nM). More recently, tGCN5 was crys-
tallized in a ternary complex form with CoA and a peptide containing the reactive
lysine of histone H3 (34). These two cases reveal the essence of the situation:
although the details of acceptor binding vary slightly, in both AANAT and tGCNS5,
the N-acetyltransferase domain utilizes the same regions to make key interactions
with the amine-containing substrate (Figure 8).

Critical for interaction are two loops mentioned earlier: one located between
a1l anda2, and another just preceding the |Asttrand of the domain. The role of
these two loops in acceptor substrate binding was initially suggested based on the
uncomplexed structure of AANAT (11), and their importance was underscored by
the alanine-scanning mutational work in yGCNS5 in which a stretch of six residues
just afterael and a three-residue stretch just beféewere demonstrated to be
essential for its in vivo transcriptional function (40).

As discussed earlier, the upstream end®f including the loop betweeml
and a2, plays an important role in the binding of the acceptor substrate. For
example, in AANAT, Pro-64, an important residue that defines one side of the
serotonin binding pocket (FigureaB is located in this region (12). Similarly, in
the ternary complex of tGCND5, this same region spanning the connecting loop and
most ofax2 (Pro-78 to Val-88) makes numerous intimate contacts with the peptide
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substrate (34). In both proteins, the two loop regions are located on the same
surface of the molecule and define a cleft located directly above the acetyl group
of AcCoA. Both serotonin, the acceptor substrate of AANAT, and the histone H3
peptide substrate of yGCNS5 lie in this cleft. In AANAT, the indole moiety of
serotonin is almost entirely enclosed in the cleft whose “third wall” is contributed
by the additional helix¢A), unique to AANAT, located betweef3 andg4. In
tGCNS5, there is only a short turn betwegB andg4, and in this case the cleft

is long and open on both ends, allowing the peptide to fit in such that all 11
residues are in contact with the protein (compare Figararidc). Although the
tGCN5-peptide interactions are about evenly distributed between van der Waals
interactions and hydrogen bonds (interestingly, with the notable exception of the
primary amine of the reactive Lys, these interactions mostly involve peptide main-
chain groups), in AANAT, serotoninis held in place entirely by van der Waals—type
contacts provided by residues in the three converging loops. Indeed, the indole
ring is sandwiched between Pro-64 on one side and Phe-188 on the other. Since
the NE1 nitrogen of the indole is hydrogen bonded to a water molecule, AANAT
apparently does not exploit this group for substrate recognition. It should be noted,
however, that in the experimental structure determination, tryptamine rather than
serotonin is tethered to CoA. Tryptamine differs from serotonin in lacking the
5'-OH substitution on the indole, which—if present—would be in an ideal position
to hydrogen bond to the side chain of Ser-60.

From the mapped acetylation sites of yGCNS5, only two positions around the
reactive lysine seem to be conserved, indicating a G-K-X-P consensus sequence
for peptide recognition (34). Indeed, inthe ternary complex, other than the reactive
lysine, only this nearby Pro residue appears to be in extensive hydrophobic contact
with the protein. Perhaps somewhat surprisingly, this proline residue also contacts
the pantetheine moiety of AcCoA. It seems, therefore, that AcCoA contributes
to peptide recognition and binding, or—stated another way—that the formation
of a GCN5/AcCoA complex must be required prior to peptide binding. This is
an interesting variation of what is observed for AANAT, where the binding of
AcCoA introduces a major conformational change, resulting in the completion of
the serotonin binding site, and only then in the binding of serotonin. In contrast,
there are only modest movements of tGCN5 upon AcCoA binding (34).

CHEMICAL CATALYSIS

The Need for a General Base?

In considering catalytic mechanism, there are two distinct ways in which AcCoA-
dependent acetyltransferases could catalyze the transfer of the acetyl group. Inone,
a ping-pong mechanism, the acetyl group is transiently transferred to a suitably
located Cys residue of the enzyme, forming a covalently bound acetylated enzyme
intermediate. The enzyme subsequently catalyzes the transfer of the acetyl group
from the Cys residue to the acceptor substrate (see, for example, 6, 41). In the
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second possible mechanism, the acetyl group is transferred directly from AcCoA
to the acceptor via direct nucleophilic attack by the primary amine on the acyl-
carbon (Figure B). This second possibility obviously requires the formation of a
ternary complex between the enzyme, AcCoA, and the acceptor substrate.

Several lines of biochemical data indicate that the GNAT superfamily mem-
bers use the direct acetyl transfer mechanism. These include kinetic experiments
(4, 37), the failure to identify covalently bound intermediates (7), and the inabil-
ity to inactivate yGCNS5 using reagents that block thiol groups (37). In addition,
most of the structural work failed to identify suitably located Cys residues near
the acetyl group of AcCoA, and the case for direct nucleophilic attack was further
strengthened by the recent direct crystallographic evidence for the existence of
ternary complexes (12, 34). Taken together, these data strongly favor direct acetyl
transfer as the catalytic mechanism for the GNAT superfamily of enzymes.

For direct nucleophilic attack to occur, the primary amine must be in an un-
charged form, and given the high pKa value<lD for both arylalkylamines (24)
and lysine (36)], it is very likely that GNAT enzymes must provide some mech-
anism of deprotonation, presumably involving an amino acid near the active site
that can act as a general base. Further underscoring the need for a mechanism
of proton removal, it was demonstrated for AANAT that the protonated form of
the acceptor substrate preferentially binds to the enzyme (15). Extensive mu-
tational work aimed at identifying the general base has been carried out in two
systems, yGCN5 and AANAT. For yGCNS5, the results strongly implicate Glu-
173 as the general base (37), a residue that is conserved in the GCN5 family,
including PCAF. The conservative replacement of Glu with GIn resulted in a
320-fold reduction of k. Furthermore, pH profile experiments in the alkaline
regime showed a decreased effect of this mutation, an expected result considering
the increase in the relative concentration of the nonenzymatically deprotonated
amine.

In contrast to the compelling evidence implicating Glu-173 as the general basein
YGCNS5, the results for AANAT are not as straightforward. Substitution of His-120
and His-122 in ovine AANAT, two residues previously suggested as possible cat-
alytic residues (16), does not result in a significant decreasg;(iLR). Looking
at the three-dimensionally aligned structures, the situation becomes even more
intriguing. His-120 of AANAT and Glu-122 of tGCN5 (the equivalent residue
to Glu-173 of yGCN5) are in an identical location, just one residue upstream of
the B8 bulge ong4. Although this position is clearly in the vicinity of the active
site, it is still too far from the observed positions of the amine nitrogen for direct
proton transfer to occur. In the bisubstrate analog complex form of AANAT, NE2
of His-120 is 7.58 away from the amine nitrogen, and in the ternary complex of
tGNCS5, the distance between the primary amine and OE1 of Glu-1224s For
the other structurally characterized members of the GNAT superfamily, the situa-
tion regarding a general base is murky. While there is a Glu (Glu-72) in AAC(6
at the analogous position, mutational data are not available. The corresponding
residue in yHatl is Lys-216, whereas in AAQ(Gt is Tyr-109. These residues
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are not likely to act as general bases. In yHat1, there are two Asp residgés on
located close to the acetyl group, one of which (Asp-255) appears well positioned
for the task. However, itis also close to Lys-216, with which an interaction might
interfere with a potential catalytic role. In AAC(3), there is a suitably located
Asp (Asp-110) just one residue downstream of ghbulge, but again there are

no mutational data available to support a catalytic role. Thus it appears that there
is no conserved general base at the equivalent position in the active sites of these
enzymes that would serve as a hallmark of catalysis.

The Role of Proton Wires in Amine Deprotonation

From a purely mechanistic point of view, the tGCN5 and AANAT complexes
offer complementary—or dynamic—views of the catalytic process. The ternary
complex of tGCN5 represents a snapshot of the reaction just prior to nucleophilic
attack, since the system is frozen at this state due to the lack of the acetyl group
on the donor substrate (34). In the AANAT complex, the snapshot is of the
tetrahedral reaction intermediate, a consequence of the covalent linkage between
the two substrates (12). It is reassuring that both structures offer a consistent view
of how proton removal from the primary amine is likely to be effected by the
enzyme.

In AANAT, there is an array of well-located water molecules, with low crys-
tallographic temperature factors, that form a continuous chain or “proton wire”
connecting the amine nitrogen both to internal exchangeable groups (including His-
120 and His-122) and to the surrounding solvent (Figure 8). Such proton wires have
been previously observed in biological systems (25). The first water molecule in
the chain, located deepest in the protein interior, is coordinated by three hydrogen
bonds: one to the carbonyl oxygen of Leu-121, the upstream residuebtiige
on S4; the second to the amide nitrogen of Met-159 on the adjacent sg&ndnd
the third to the next water molecule in the proton wire. In its observed location,
this water molecule is well positioned to hydrogen bond to the primary amine of
the substrate. In the experimentally determined structure, this hydrogen bond can-
not exist, however, since the analog contains a secondary amine, already hydrogen
bonded to the carbonyl oxygen of Met-159, a reflection of the fact that the analog is
arepresentation of the chemistry after the initial nucleophilic attack by the primary
amine. Nevertheless, this water molecule is obviously ideally suited to accept the
extra proton and to channel it away to either of the two local imidazoles or to the
open solvent through the chain of crystallographically visible water molecules. It
is also worth noting that the two most deeply located water molecules of the proton
wire are held in place by hydrogen bonds to the two carbonyl oxygens that are
projected into the active site area by thdulge (Figure 5), granting additional
functional significance to this well-conserved structural feature.

In the ternary complex of tGCNS5, a buried water molecule connects the location
of the primary amine to the side chain of Glu-122 (34). This water molecule also
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has a low crystallographic temperature factor; thus its location is well determined
(see Figure B). Its position is structurally identical to that of the first water
molecule of the proton wire in the AANAT complex, and it is also held in place by

a hydrogen bond to the carbonyl oxygen of the firbulged residue. Allowing for

the larger conformational flexibility permitted by the longer aliphatic side chain of
lysine, this primary amine could donate its proton to this water molecule, which
could subsequently transferitto Glu-122. Thus, the two ternary complexes provide
a structural alternative to direct proton abstraction by a catalytic general base: The
water molecules observed in both structures most likely serve as a conduit for
proton transfer away from the primary amine.

Substrate Positioning

In the absence of a conserved general base in the active sites of GNAT enzymes,
what does seems to be conserved, on the other hand, is the relative positioning of
the reactive groups (i.e. the primary amine and the acetyl group) by the enzyme.
In the three-dimensionally aligned structures, the positions of the acyl carbons
of AcCoA are nearly identical, maintained by virtue of an important hydrogen
bond to a main-chain amide. In the case of the AANAT/bisubstrate complex, the
primary amine of the “acceptor substrate” is perforce located close to the acyl
group through covalent bonds. In the case of the tGCN5 ternary complex, the
primary amine of the reactive Lys is not in precisely the same location as that
of the amine of the bisubstrate. However, this may well be a consequence of
experimental design: to trap a ternary complex prior to catalysis, CoA was used in
place of AcCoA, and the hydrogen bond anchoring the acyl group in place cannot
exist. Nevertheless, it is clear that only slight movements of the lysine side chain
are required for the primary amine of the tGCNS5 ternary complex to occupy the
same position as the bisubstrate analog amine group in AANAT. Thus, despite
the significant evolutionary distance between the different members of the GNAT
superfamily, the positioning of the primary amine group is likely to be a conserved
feature of catalysis. In this light, we note that the detrimental Tyr-168—to—Phe
replacement in AANAT (discussed above) could affect this delicate positioning,
and that this in turn could be responsible for the observed significant decrease in
reaction rate (12).

Although there is no conserved catalytic base in the active sites of GNAT en-
zymes, it is not clear to what extent critical residues in the general vicinity of the
acetyl group affect catalysis. Acetyl transfer from AcCoA to a primary amine in
agueous solution is energetically favorable as evidenced by measurable nonenzy-
matic background rates (37). The question remains to what extent the enzymatic
rate acceleration can be attributed to appropriate substrate positioning.

Upon bringing the two substrates into the appropriate position for catalysis, the
AANAT/bisubstrate complex offers insight into the next step in the reaction, the
resolution of the tetrahedral intermediate. It is clear from chemical considerations
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that the resolution in the direction of the desired products could be facilitated by
providing a proton to the sulfur of CoA since a negatively charged thiolate is not
an ideal leaving group. In AANAT, Tyr-168 is located 3Alfrom the sulfur in

a position that would be ideal for donating a proton. Interestingly, there is a Tyr
residue in an identical position in AAC{6 although there are no mutational data
available for this enzyme.

The final step in the catalytic cycle is product release. The environment around
the primary amine is polar, and upon formation of acetylserotonin, the dramatic
increase in hydrophobicity may serve to eject the acetylated product from the
protein. The emptied indole binding pocket would lose its stability, leading to a
conformational state that could effect the release of CoA. It is not clear, however,
that hydrophobicity is necessarily the driving force across the superfamily of GNAT
enzymes; for tGCNb5, steric constraints have been invoked to explain product
release (34).

SUMMARY

The three-dimensional structures determined for various members of three fami-
lies of N-acetyltransferases of the GNAT superfamily demonstrate a remarkable
consistency in protein topology. It appears that a cerftraheet, which incor-
porates elements from all four conserved sequence motifs identifed prior to any
structural information, serves as a scaffold to appropriately place residues to form
two substrate binding sites. The binding site for the donor substrate, AcCoA,
is remarkably conserved, and the same three-dimensionally aligned residues are
involved in holding AcCoA in place. In particular, the crucial acyl group is hydro-
gen bonded in precisely the same manner among all the characterized members
of the family, defining a conserved enzyme active site. The binding site for the
acceptor substrate has been characterized in only two cases, but it is clear that
the same regions of the protein are involved: two (or more) analogous loops of
varying length and differing conformation are arrayed across the protein surface
to create a substrate binding cleft that positions the reactive primary amine close
to the acetyl group of AcCoA. The structural work to date provides intriguing
glances into mechanisms of catalysis, unequivocably demonstrating that there
is no universally conserved, general base to directly abstract a proton from the
primary amine substrates, yet offering in its place a potential pathway for pro-
ton removal involving crystallographically located water molecules and a proton
wire.

Itis hoped that future work in this field will provide more information on modes
of acceptor substrate binding, particularly for those members whose substrates
differ from those characterized to date. It will also be instructive, from the point of
view of regulation of activity, to obtain structures of the HAT domains, both in the
context of their intact proteins and as part of the multiprotein complexes involved
in transcriptional regulation.
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a. AANAT/bisubstrate b. yHat1/AcCoA

c. tGCNS5/peptide/CoA d. yGCN5

Figure 1 Alignment of the three-dimensional structures of GCN5-related N-acetyltransferases.
AANAT, serotonin N-acetyltransferasBCAF, p300/CBP-associating factoyHat, histone N-
acetyltransferasedAC, aminoglycoside N-acetyltransferase. For AANAT), (the complex with

the bisubstrate analog is shown (indole ringblne), while for tGCN5 €), the ternary complex

with CoA and an 11-residue peptide @iue) is shown. Theblack linesindicate coenzyme A or
acetyl coenzyme A. The four conserved motifs of the GNAT superfamily—C, D, A, and B—are
shown inpurple, green yellow, andred, respectively. Structural elements that representinsertions
into motifs C and B are shown iifac andpink, respectively. Helixx1 of yHatl is shown ifblue

to indicate the positional shift of this helix with respect to the other aligned structures. The figure
was prepared using MOLSCRIPT (18).
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Figure 2 Primary sequences of structurally aligned GCN5-related N-acetyltransferases. Struc-
tures were optimally aligned to that of PCAF using “O” (13); reidues whaspdsitions are within

3.8 A of those of PCAF are shown ibold lettering. For AANAT, the bisubstrate-bound form

was used, and for tGCN5, that of the ternary complex was used. The residues shown correspond
to those present in the constructs used for structure determination, with the exception of yHat1,
which has an additional N-terminal domain (residues 1-106). Residugsérare disordered
regions that could not be located in the electron density maps. The secondary structural elements
of AANAT are shown above the aligned resiudes. Todored boxesorrespond to the regions
designated motifs C, D, A, and B by Neuwald & Landsman (30), and are shown in the same colors
used in Figure 1. The final column indicates the number of residues truncated from the C terminus
of each construct used for structure determination.



Figure 8 (@) The proton wire of serotonin N-acetyltransferase (AANAT). The crystallographi-
cally observed water molecules are shownvagte spheresthe bisubstrate inhibitor iblue



Figure 8 (b) Close-up of the active site region of the tGCNS5 ternary complex. Water molecules
are represented aghite spheresand the substrates are showrbloe



